Abstract-We present an analytical approach to accurately model the phase sensitivity, and provide simple analytical formulae, useful in the design, comparison and optimization of multiplexed amplified interferometric fiber-optic based sensor systems. The phase sensitivity model incorporates the various key noise contributions including receiver noise, amplified spontaneous emission (ASE) induced noise, active sources noise and other phase noise terms. We define and present a novel term 'Demod phase sensitivity' to take into account the effects from noise aliasing in systems based on time division multiplexed (TDM) architectures. An experiment was conducted that confirmed the appropriateness and accuracy of the phase sensitivity model. The approach is widely applicable but particular appropriate for fiber-optic sensor systems using amplifiers and TDM.
I. INTRODUCTION

I
NTERFEROMETRIC fiber optic sensors have been researched for nearly four decades, the interest driven by a number of practical applications, particularly in military sonar and in seismic surveying [1] . Fiber sensors provide many advantages over conventional electro-ceramic-based sensors, including their immunity to electromagnetic interference, high sensitivity, simplicity, smaller cross-section, potential lower cost, multiplexing capability and especially their reliability in underwater applications.
Interferometric fiber optic acoustic sensors are based on measuring the phase change of light travelling in an optical fiber due to the strains developed on the fiber by an applied measurand. The non-linear response between the optical phase modulation and the intensity output of the interferometer is linearized by methods including both feedback and open-loop demodulators [2] . The performance of any demodulation scheme is always limited by various types of intensity or phase noise such as shot noise, thermal fluctuations, optical source noise, electronic drift and other system specific sources of noise [1] . Understanding the impact of these various forms of noise is important since they define the ultimate phase sensitivity of a sensor system. In general, the phase sensitivity, which determines the minimum phase change that can be detected, is the key fundamental performance metric used to characterize most interferometric sensing systems. If we know the noise sources in a sensor system, the system phase sensitivity can in principle be predicted. Usually the typical single-mode all-fiber interferometer is an intrinsically 'quiet' device, and the electro-optic system used to interrogate the sensor establishes the noise limitations. However, even with the ultrahigh phase sensitivity available, single channel applications are only appropriate in just a few instances for cost reasons. In most optical sensor systems, each laser is used to interrogate as many sensors as possible to amortize the cost of the laser over as many TDM channels as possible. While this reduces the overall cost of the system, it also introduces a common source of noise. For normal operation of a single sensor the phase noise typically exhibits a low frequency component with a corner frequency kHz, and the high frequency white noise component is of no consequence. However, in systems based on time division multiplexing, at most detection frequencies, the high frequency phase noise components can be aliased to produce excess noise in the baseband spectrum which can limit the sensor sensitivity [3] , [4] . antialiasing filters cannot be used to eliminate the high frequency phase noise since it is an intrinsic noise component of the system. High frequency noise terms in the optical signal will alias in-band, and elevate the sensor noise floor. It can rapidly limit the phase sensitivity that can be achieved.
Many other multiplexing schemes have also been proposed and investigated in current fiber-optical sensor systems based on techniques including frequency, coherence, and wavelength multiplexing, and combinations thereof [5] - [9] . In each instance, splitting/recombination loss ultimately limits the scalability of the approach, with the number of fibers required for telemetry a further critical factor that significantly impacts the overall system cost and practicality. Fortunately, however, optical amplifiers can be incorporated into these systems to compensate the distribution loss and to decrease the insertion loss of the array [8] , [10] . But amplifier placement in the system has a major impact on noise performance. They produce a background radiation known as amplified spontaneous emission (ASE), which is responsible for the noise of the device. At the detector, the ASE signal generates two new noise terms known as the signal-spontaneous and the spontaneous-spontaneous beat noise. They are the result of the broadband ASE signal mixing with both the signal and itself at the detector. Most fiber-optic sensor systems that make use of optical amplifiers incorporate several such devices, and the amplifier placement can have a significant impact on the overall phase sensitivity [5] , [11] . This impact can be expressed by the dependence of the phase sensitivity on the optical signal to noise ratio (OSNR), which denotes the ratio of the optical signal power to the ASE noise power in sensor systems incorporating either lumped or distributed amplifiers.
However, there is no full phase sensitivity analysis which covers all the factors above. It is the purpose of this paper to develop a full and systematic phase noise model applicable to interferometric fiber optic systems. In this paper, we present a general phase noise analysis applicable to all interferometric fiber optic sensors, including systems based on amplification and TDM technology as applied to our specific optical architecture. The system noise analysis includes all the potential noise sources in general sensor systems, together with noise aliasing in TDM architectures. This phase sensitivity model provides a general analytical approach to evaluate, characterize, compare and optimize the performance of fiber sensor systems. We validate the model with a pulsed interferometric fiber-optic sensor system incorporating a novel derivative interrogation approach which has the benefit of mitigating the system noise and avoiding overscale problems (as discussed later in the paper).
In Section II, we demonstrate the operational principle of a general pulsed interferometric fiber-optic sensor system. Section III then discusses the interrogation of phase changes in such a sensor and describes the various sources of system noise. In Section IV we analyze noise aliasing in TDM based systems. In Section V, we demonstrate an experimental pulsed interferometric TDM sensor system, based on a novel derivative based interrogation approach and discuss the measured system phase noise floor. Section VII discusses the sources of noise within the experiment and compares the measured phase noise floor with the predicted results. Finally, our conclusions are summarized in Section VII.
II. GENERAL OPERATION PRINCIPLE
We start by considering the operational principle and phase sensitivity of pulsed interferometric sensor systems. For convenience we consider a Michelson interferometer with pulsed heterodyne detection as our exemplar system as it provides a practical approach to interferometric sensor systems. Our results however are general.
A typical configuration is illustrated in Fig. 1 . The input light is pulsed, frequency-shifted and split into two fibers through a 50:50 fiber coupler, which can be thought of as generating a signal and a reference beam. The signal beam is exposed to the measurand, whereas the reference beam is usually shielded. The two beams are reflected back into the same coupler by Faraday mirrors (FRM) where they are combined and interfere. The resulting beam in the up-lead fiber is then fed into the demodulator system where the measurand induced phase modulation on the signal arm is detected and demodulated.
The timing diagram of the pulses in the system is also shown in Fig. 1 . The interferometer sensor is interrogated with two optical pulses with frequencies of and separated in time by a period (which is twice the transit time in the sensor fiber of length ), and is the effective refractive index of the fiber. The optical pulse pair is reflected from the two mirrors and is transmitted back to the interrogator unit. Because the optical pulse separation is arranged to be twice the transit time of light through the sensor, the reflection of the first optical pulse from FRM-B arrives at the receiver at the same time as the reflection of the second optical pulse from FRM-A.
The two reflections will therefore overlap at the receiver to produce a single pulse with a frequency equal to the frequency difference between the two pulses (at the carrier frequency ), as shown in Fig. 1 . This pulse carries all the phase change information from the signal arm imposed as a phase modulation of the carrier frequency (because the first pulse has been through the coil twice and has been exposed to the signal-induced phase change, whilst the second pulse has not). The output pulse train therefore comprises one sensor pulse at the carrier frequency carrying the measurand (as experienced in the signal arm), together with two "dead" pulses which correspond to the reflection of the first pulse from FRM-A and the reflection of the second pulse from FRM-B.
The optical pulse train (i.e., one sensor pulse plus two dead pulses) is received by a photodiode which converts the optical pulses into electrical pulses. The pulses are sampled by an analogue-to-digital converter (ADC) which then routes the digitized signals to the demodulator.
III. NOISE IN GENERAL SYSTEMS
The photodiode current for the received pulse from a general interferometric sensor system is represented by (1) where is the photodiode responsivity in , is the average receiver power, is the modulated intermediate frequency between optical angular frequencies of the two pulses, is the phase modulation imposed on the heterodyne signals from the applied strain on the sensor fiber,
We now calculate the expected phase noise density in a general pulsed interferometric sensor system based on the following parameters:
1) Heterodyne signal power , 2) Accumulated ASE noise spectral density in one polarization mode per unit bandwidth, 3) Power spectral density of the frequency noise of the laser, 4) Power spectral density of the relative intensity noise of the laser, 5) RF generator noise, 6) Receiver noise. The photodiode signal is DC filtered and sampled, and then routed to a particular phase demodulation system. All the sources of noise produced in the sensor system can be sorted to phase noise terms and intensity current noise terms , and the filtered received current with noise can be extended to (2) The response between the optical phase modulation in the heterodyne signal and the intensity out of the interferometer is linearized by the demodulation operation, and the phase noise amplitude induced by the intensity noise is equal to the noise to carrier ratio [12] (3) This is the relationship we will use later to interpret the conversion of intensity noise to system phase noise.
The intensity noise power at the receiver is fundamentally limited by the signal shot noise. However, in practice, receiver noise, ASE beat noise, AOM driver noise, and laser noise will be present and will dominate.
A. Receiver Noise
We assume the signal power and ASE power to the receiver are and , respectively .The photon shot noise generated at the receiver is given by (4) where is the detection bandwidth. is the ASE noise spectral density in the bandwidth of the receiver optics . The receiver's electronic circuit also introduces some thermal noise at the receiver, which may limit the sensitivity of our sensor, and can be induced by a white current noise of .
B. Amplified Spontaneous Emission Induced Noise
In systems incorporating multiple amplifiers, the signal ( ) to ASE beat noise, ASE to ASE beat noise and ASE shot noise at the receiver will contribute to the noise floor. The power spectral density of the signal to ASE beat noise, and the ASE-ASE beat noise are given by (5) and (6) at the receiver, respectively
C. Noise From Active Sources
Other noise sources that will degrade the phase sensitivity are: laser frequency noise, laser intensity noise and noise from the RF (radio frequency) oscillators employed to drive the optical pulse generator. Other noise sources are sufficiently small to be ignored. The frequency noise from the laser is converted to phase noise by the interferometer and is proportional to the path imbalance in the interferometer, thus the phase noise spectrum density , in , due to the laser frequency noise spectrum density can be given by (7) The RF drive (used in practice to apply the frequency shift between the two interrogation pulses via an acousto-optic modulator (AOM)) introduces phase fluctuations. When the modulation sidebands are very small due to noise, i.e., if the phase deviation is much smaller than 1 rad, the spectral density of the phase fluctuation (phase noise) in is given by the approximation , where is the single sideband noise (SSB) density. The spectral density of the resultant phase fluctuation from two similar oscillators is twice that associated with one oscillator, and is given by .Thus the equivalent noise contribution due to the RF generator, in , is given by,
Relative intensity noise (RIN) in dBc/Hz from the laser is equivalent to amplitude modulation of the optical signal, causing the RIN spectrum to appear as amplitude modulation sidebands around the carrier. The RIN will get reduced by 3 dB in an interferometer. We assume that the contribution to the RIN due to the DC term in (1) is negligible when deriving our results. This is generally true particularly when the heterodyne carrier frequency is high. Thus, the equivalent noise contribution due to the RIN is,
D. Other Phase Noise Sources
At the output of each amplifier, the ASE noise will not only add amplitude noise, but also adds phase noise to the amplified signal field [13] . Averaging over a large number of random phase variation events, we can obtain a standard phase deviation: (10) in which is the ASE noise within the optical linewidth of the signal source, and is the amplified signal power. This noise only applies a phase deviation to the phase signal, but the intensity dependence of the refractive index can lead to selfphase modulation (SPM) and cross-phase modulation (XPM) [13] , [14] , the variance of the phase fluctuations at the receiver produced by the amplitude fluctuations from the in-phase component, along the line, which is called Gordon-Mollenauer noise and is described by (11) in which is the conventional effective nonlinear interaction length in km and the in . Note that the Gordon-Mollenauer noise is always referred to as a nonlinear phase shift. Compared with other noise sources, this noise source can be ignored when the transmission length is far less than 1 km.
The overall phase sensitivity of the sensor is given by the square root of the sum of the squares of each noise source discussed above, assuming the noise sources are statistically uncorrelated. Thus, the total phase noise can be expressed as (12) IV. NOISE ALIASING IN TDM TDM is a typical multiplexing approach used for pulsed sensor systems. Sensors are sequentially addressed using the pulsed input signal such that the time of flight of optical pulses in the multiplexed array allows individual sensor signals to be distinguished.
Noise aliasing of high frequency components is one of the common issues associated with all TDM architectures [3] , [4] . TDM architectures inherently sample each sensor at the interrogation repetition rate which depends on the number of TDM sensors, and the length of fiber per sensor, which determines the inherent bandwidth available for the phase modulated signal to occupy. With limited interrogation repetition rates in multiplexed systems, the high frequency phase noise components can be aliased to produce excess noise in the baseband spectrum which can limit the sensor sensitivity [3] , [4] . antialiasing filters cannot be used prior to digitization to eliminate the high frequency phase noise since it is an intrinsic noise of the system.
The effect of noise aliasing can be assessed by accumulating the noise contributions at frequencies centered at harmonics of in their noise spectra. The aliased noises determine the system's final performance. To account for the noise aliasing effect in TDM architectures, we introduce the 'Demod phase sensitivity' to characterize the phase sensitivity after demodulation in a sensor system. For a given electrical detection bandwidth of and a pulse repetition rate of , the effect of noise aliasing at a signal frequency of is given by (13) in which represents a factor accounting for the subtraction operation in the demodulation, for normal signals of which no subtraction process is involved in the demodulation, for derivative signals (see Section V). stands for the subscript of different noise sources, including shot, receiver, S-ASE, ASE-ASE, RIN, RF, and laser frequency noise.
denotes the effective starting frequency to be aliased for different noise sources, which depends on the particular demodulation approach used.
Most of the sources exhibit white noise properties and when the frequency noise from the laser and the RF generator are small [15] , the 'Demod phase sensitivity' can be simplified to (14) The term 'Demod phase sensitivity' provides an effective way to compare the performance of various interferometric fiber-optic based sensor systems, combining the noise contributions from both the array architecture and the interrogation technology employed.
V. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Arrangement
To validate the developed phase noise model, we configured an experimental setup of a pulsed interferometric sensor system, as shown in Fig. 2 . This sensor system comprises three principal components: a transmitter, a multiplexed sensor array and a receiver section.
The transmitter consists of four narrow linewidth ( kHz) fiber lasers (NP Photonics' Rock Single Frequency Narrow Linewidth Fiber Laser Module) as interrogation sources. These were multiplexed, pulsed, frequentcy-shifted, and amplified, then launched into the sensor array. The maximum launch power into the array was limited by nonlinear effects.
The experimental arrangement was constructed with only one "TDM group" representing all the multiplexed sensors in an array. This was located before a four wavelength multiplexed network so that each wavelength suffered the loss of this device. This should provide similar optical performance in terms of loss to a fully loaded system in which a TDM group is included at each wavelength between each ODM/OAM pair and is obviously far more convenient from a practical perspective. The "TDM group" itself comprised a lab 4C sensor package along with a tunable attenuator to simulate a prescribed number of additional "missing sensors". The lab 4C sensor package is made of a cluster of three orthogonally mounted accelerometers and a hydrophone as described in [16] . Later we will show the measured phase noise floor of the sensors in the 4C sensor package for validation of the phase noise model.
The return signals from the array were mixed optically at a compensating interferometer, and attenuated before the demultiplexer to achieve a peak optical power of at the receiver as required to obtain the desired shot noise limited performance. The demultiplexer was used to drop the signal bearing channels. The output of the demultiplexer was then detected and demodulated to extract the phase information. 3 . System time domain diagram for the pulses (a) after the pulse generator, (b) reflected from the TDM group, (c) from the compensating interferometer without delay coil (d) from the compensating interferometer with delay coil (A: Delayed first pulse reflected from A, A:Delayed second pulse reflected from A, and so on), and (e) at the receiver. The output of the 4 sensors contains a pulse train of four sensor pulses, five derivative pulses, together with two "dead" pulses.
B. Derivative Approach
Some applications require very large dynamic range (i.e., 120 dB) at low frequency. These generate signals that induce phase modulations that exceed the bandwidth of the interferometric phase measurement method. To overcome this, a technique is implemented that measures the rate of change of the phase, thus greatly reducing the bandwidth at low frequencies required for the induced phase modulation.
This operates by tracking the phase changes between successive optical samples [12] . We developed the TDM group (4C sensor package) based on an inline Michelson configuration, as illustrated in Fig. 2 . In the operation, the pulse pair which is sent into the system is separated by a time delay equal to a single transit time of light through a sensor, i.e.,
, and an additional optical compensating interferometer is added before the optical receiver. This circuit contains a delay coil which is equal to half a sensor coil in length. This means that the return transit time of light through this delay coil is equal to the optical pulse separation ( ).
The system timing diagram is shown in Fig. 3 . The two pulse trains returning from different reflectors in the sensor package no longer overlap because the pulse separation is only half the return transit time of light through a sensor coil. These two pulses trains have then each gone through the two paths within the compensating interferometer (one path involves going through the delay coil, and the other does not). There are two sets of pulse pair trains at the interferometer output, and because of the function of the delay coil, these sets now overlap with each other, as can be seen in Fig. 3(c) and (d) , to produce a single pulse with the carrier frequency . The timing is such that for, the reflection of the undelayed first pulse from the second reflector arrives back at the receiver at the same time as the reflection of the delayed second pulse from the first reflector. This is the normal sensor pulse. This pulse carries all the phase change from the first sensing fiber imposed as a phase modulation of the carrier frequency (because the first pulse has been through the coil twice and has been exposed to the signal-induced phase change, while the second pulse has not). The phase information from these pulses is the normal signal (from normal channels 2, 4, 6, 8 etc.).
It can also be seen from the pulse timing diagram that the undelayed reflection of the second pulse from the first reflector overlaps with the delayed reflection of the first pulse from the first reflector. Although these two pulses arrive back at the optical receiver simultaneously, and have been reflected from the same point in the array, they were not reflected at the same time, but at a time interval equal to the pulse separation. They therefore carry a phase modulation which is directly proportional to the change of phase over this time interval. This phase modulation is therefore a representation of the differential of the phase at that point. We call this the derivative pulse.
The derivative pulses contain the derivative of the phase information at the points A, B, C, D and E in the array, and by subtracting the signals from point B from that for point A (channel 3 -channel 1), it is possible to obtain a signal which is a derivative of the signal from the first sensor. The signal from the second sensor is then obtained by subtracting the signal at Point C from that at point B (channel 5 -channel 3), and so on. The phase information demodulated from the subtraction of these derivative pulse pairs is the derivative signal (from subtracted derivative channels 3 -1, 5 -3, 7 -5, etc.).
The derivative signals represent a measure of the rate of change of phase of each sensor. The amplitude of the phase change on each derivative sensor is frequency dependent, but at seismic frequencies ( ) it is much lower than that of the "normal" sensor. At 800 Hz, the phase change on the derivative sensor is 60 dB lower than it is on the normal sensor and it decreases at 6 dB per octave, so that at 100 Hz it is 78 dB lower. The derivative signal can then be used in a number of different ways to reconstruct the normal signal even in overscale situations where the normal signal has exceeded the threshold between successive pulses. The derivative signal offer significant advantages in the seismic seabed industry since it provides a means to overcome or control signal oversizing (i.e., driving the sensor through multiple phase shifts) which occurs frequently during the first break (i.e., the first direct water-borne arrival of the acoustic shots) when the acoustic energy is high.
Subtractions between different points within the system are used to obtain derivative signals, so that system noise components including optical power variations and vibrational pickup along the cable are mitigated. The derivative signals therefore give a much more 'lab friendly' method for measuring and comparing the system noise, because they are essentially insensitive to audio frequency acoustic pickup.
C. Experimental Results
To validate the predicted phase noise and Demod phase sensitivity model above, the phase noise spectrum for one sensor in the 'TDM group' was tested. Fig. 4 shows the measured demodulated peak phase floor spectrum up to 5 kHz interrogated at 1545.32 nm with a TDM group insertion loss of 35 dB. The insertion loss of the 'TDM group' for the illustrated spectrum in the figure is close to the loss of a TDM group with 32 sensors addressed by a single wavelength according to current sensor technology [17] . The measured OSNR before the receiver from this loss was 30 dB.
The peak Demod phase noise floor for the normal signal (unreferenced) is found to be dB re 1 at 1.5 kHz. and is essentially flat from 200 Hz to 5 kHz. The higher noise in the spectrum at low frequency comes from environmental noise with the increasing background at low frequency due to laser frequency noise.
The system phase noise floor shows a flat spectrum for the derivative signal across the full frequency range. The measured value at 1.5 kHz is around dB re 1 , and the best achievable system sensitivity in the experimental system is calibrated to be dB re 1 limited by the laser RIN, shot noise and receiver noise.
VI. DISCUSSION
Now that we have configured the experimental setup, we can calculate the Demod phase sensitivity from the characterization of the sources of noise in the setup.
A. Sources of Noise in the System
The system's interferometric phase sensitivity is determined by a number of factors including the receiver noise, signal shot noise, amplifier noise, laser frequency noise and laser relative intensity noise as discussed in Section III. Fig. 5 demonstrates most of the measured and calculated noise sources in the experimental arrangement, from 10 Hz to 100 MHz, with a measured OSNR of 30 dB before the receiver. The OSNR is measured with a noise bandwidth of 0.1 nm. The measured OSNR is sufficient for us to predict the ASE noise spectral density , which can be used in (5) and (6) to predict the ASE beat noise. The fitted laser frequency noise measured in an interferometer with a delay length of 40 m (the same as the sensor imbalance length) dominates all other noise sources, and ultimately limits the phase sensitivity in such systems. The measured laser RIN dominates the receiver noise, shot noise and ASE beat noise and is dominated by a peak at the relaxation frequency of the laser around 1 MHz but shot-noise limited otherwise. The RF oscillator noise has a spectrum. The contribution to the phase noise from an RF generator with a specified SSB of at 1 kHz offset is small. The contribution to the RIN due to the DC term in (1) is negligible since the heterodyne carrier frequency in the setup is 50 kHz. The ASE-ASE RIN exhibits an oscillating structure with a period determined by the delay length of the compensating interferometer. The ASE phase noise is sufficiently small to be ignored, as is the ASE-XPM noise, when the transmission distance is less than 1 km.
B. Advantage of the Derivative Approach
The Demod phase sensitivity for the normal signal and the derivative signal can be derived from (13) , which also indicates the advantage of the derivative signals over the normal signals.
In (13), the noise aliasing from the various noise sources that needs to be incorporated to calculate the Demod phase sensitivity varies according to the detailed noise spectra which are determined by detailed numerical calculations of the accumulated noise for each sampling period within their effective electrical bandwidths, supplemented with detailed measurements that allowed us to determine the noise properties of these individual sources, as illustrated in Fig. 5 .
There are two differences in which the Demod phase sensitivity for the normal signal and derivative signal are calculated from (13) . Firstly, the subtraction process used to get the derivative signal introduces , which doubles the total noise. However, although the derivative approach doubles the white noise sources it also eliminates the noise sources. The laser frequency noise in the Rock laser is dominated by noise components up to MHz while the measured phase noise at high frequency is usually dominated by laser RIN. Thus, the subtraction process significantly reduces the dominant laser frequency noise induced phase noise by increasing the starting frequency from DC to MHz for the laser frequency noise source in (13) , such that most of the aliasing noise components from the laser frequency noise are eliminated as shown in Table I . In contrast for normal signals all the noise components across the entire electrical bandwidth down to DC contribute to the aliasing at the signal frequency . Table I summarizes the noise contributions at 1.5 kHz for all the sources of noise, and the Demod phase sensitivity for the normal signal and the derivative signal, respectively. It can be seen from the second column of the table that the frequency noise from the fiber laser dominates and introduces a total phase noise peak value of 95 at 1.5 kHz. It is can be seen from Table I that the Demod phase noise floor for the normal signal is still dominated by the aliased laser frequency noise, which is mitigated in the derivative signal. The contribution from the laser frequency noise increases to 137.8 due to the noise aliasing and remains the dominant noise for normal signals. However, it has been effectively reduced to zero for derivative signals, providing a Demod phase sensitivity value of dB re 1 , limited by the laser RIN, shot noise and ASE beat noise at the receiver. These values are given assuming a system averaged OSNR of 30 dB and for a received peak optical signal power of . The predicted Demod phase noise floor is very close to our measured phase sensitivity of (normal) and (derivative) dB re 1 , respectively. Thus, the derivative approach shows significant improvement in the Demod phase sensitivity and provides an ideal lab tool to assess the system noise floor.
C. Affects From ASE Noise
In systems incorporating amplifiers, the Demod phase sensitivity is limited by the ASE beat noise, which can be illustrated by the dependence of the phase sensitivity on the system OSNR. To characterize the phase sensitivity of the sensor system and investigate the model's dependence on the ASE noise, the system Demod phase sensitivity was averaged over the frequency range of 300 Hz to for the derivative signal and 2~4 kHz for the normal signal, since it is deteriorated by environmental noise at low frequency. The characterized values as a function of the measured OSNR of the signal into the receiver are shown in It can be seen from the figure that the phase sensitivity in the normal channel is dominated by the laser frequency noise, thus, it remains independent of the OSNR when the average OSNR is larger than 15 dB (as is often the case).
For the derivative signal, when the OSNR is better than 32 dB, the ASE beat noise can be ignored compared to the laser RIN. A system noise floor of dB re 1 was measured. The system noise floor is dominated by laser RIN and shot noise and thus is very sensitive to the injected optical power level at the receiver, so the measured value ranges from to dB re 1 , which is 1~3 dB higher than the predicted ideal phase noise floor.
However, the phase sensitivity in an amplified multiplexed sensor system deteriorates with decreasing OSNR and will ultimately be dominated by ASE beat noise. When the OSNR is less than dB, the S-ASE noise starts to dominate, and the phase sensitivity deteriorates with a further decrease in the OSNR. The Demod phase sensitivity in large-scale amplified hybrid multiplexed sensor systems can be found in another paper [17] .
VII. CONCLUSIONS
In conclusion, we have developed an analytical method to accurately predict the phase sensitivity of interferometric fiberoptic based sensor systems. The model covers all the potential phase noise sources and requires knowledge of the OSNR, laser frequency noise, laser intensity noise, intrinsic current noise in the receiver and RF generator noise. This model also introduces the term 'Demod phase sensitivity' to quantify the effect of noise aliasing from high frequency phase noise components. The aliasing effect is found to be determined by the interrogation repetition rate and depends on the interrogation technology employed and it varies according to the noise source spectra. The model is general and can be applied to any amplified fiber sensor systems with TDM architectures. The measured Demod phase sensitivity from the experimental arrangement of a sensor system using a derivative approach to remove the system phase noise and to increase the dynamic range validates our phase noise model. The most interesting result of our modeling is that the best Demod phase sensitivity of dB re 1 in the experimental system is limited by the laser RIN, shot noise and receiver noise when the signal OSNR is better than 32 dB, and it deteriorates with an increase in ASE noise. To the best of our knowledge, this is the first report of a full analytical description of the phase sensitivity in interferometric sensor systems, combining both the effects from all the potential noise sources and the effect of the high frequency phase noise aliasing.
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